The neutron is a unique probe for non-destructive investigations in materials science because, other than its nuclear sister particle, the proton, a neutron interacts only weakly with many common Neutron imaging is a non-destructive technique that can reveal the interior of many materials and engineering components and also probe magnetic fields. Within the past few years, several new imaging modes have been introduced that extend the scope of neutron imaging beyond conventional neutron attenuation imaging, yielding both 2-and 3D information about properties and phenomena inaccessible until now. We present an overview of the most important advances in the application of neutron imaging in materials research with a focus on novel techniques such as energyselective imaging,
Neutron imaging is similar to corresponding x-ray techniques but in most cases the mechanisms of neutron interaction with matter provide an image contrast that is complementary to that of x-rays 15 .
In comparison with 100 keV x-rays (a typical value for commercial x-ray scanners), thermal neutrons have a much higher penetration depth in most metals due to their zero charge, see Fig. 1 16 . Therefore, neutrons are being used for non-destructive investigations of bulk metal components. Both radiography (simple projection imaging) and tomography can be applied. For the latter, the sample is rotated stepwise around a fixed (mostly vertical) axis, whereby for each rotation angle a projection image is recorded by a position sensitive detector 17 . The set of projections covering an angular interval of either 180° or 360° is used as input for a mathematical reconstruction, often based on the backprojection algorithm 18 , of the 3D distribution of the attenuation coefficients in the investigated sample volume.
Such neutron tomographies have been used to detect cracks and heterogeneities in metal components 13, 19, 20 , to reveal the interior of geological 21, 22 , archeological 23 , or paleontological 24 samples, or for quality control of safety-sensitive aircraft or automotive components [25] [26] [27] . Further examples are given in Fig. 2 and elsewhere 1 .
The desired feature of neutrons easily passing through many materials makes their detection a greater challenge than for x-rays. Usually, neutrons are detected in two steps: First, the neutron, which carries no net charge, has to be captured by a strong neutron absorber, e.g., the lithium isotope 6 Li or natural gadolinium. This capture is accompanied by the emission of charged particles or x-rays. This secondary radiation travels for a distance and then interacts with a scintillating material 28 , thus producing visible light which in turn can be detected by conventional position-sensitive detectors, for instance CCD cameras. The mean free path of the secondary radiation in the scintillating material, usually ZnS, gives rise to an uncertainty of detection and limits spatial resolution to currently about 20 μm 7, 9, 10, 28 . Further improvements of spatial resolution face practical limits since high resolution requires intense sources in order to supply sufficient signal per pixel area. Neutron sources are up to four orders of magnitude less brilliant than synchrotron radiation sources and therefore neutron imaging will hardly ever compete with x-ray imaging in terms of resolution. Nevertheless, as the high penetration depth of neutrons allows for large sample volumes of up to 100 cm 3 combined with medium resolution of some tens of microns, neutron imaging increasingly finds favor in materials science and related areas. 1 . Reprinted from 16 with permission from Elsevier. 
Fig. 1 Dependence of the mass attenuation coefficients of thermal neutrons (25 meV energy) and x-rays (100 keV energy) on the atomic number. Attenuation is a combined process of absorption (total removal of the particle) and scattering (deflection of the particle to outside the range of detection). The interaction of x-rays with the electrons of the electronic shell gives rise to a near-monotonic increase of the attenuation coefficient, while the nuclear interaction of neutrons with the different elements is not a regular function of the atomic number and also differs for different isotopes of the same element

Investigation of systems under operation conditions
The nuclear interaction of neutrons with matter provides a high sensitivity to both hydrogen and lithium, which in combination with their high penetration power, especially in metals (see Fig. 1 
technique, see Fig. 3b , which provides important information about the dynamic properties of the porous diffusion materials employed and helps to further develop and verify water transport and diffusion models 41, 42 .
When studying smaller fuel cells it is possible to perform a complete tomography within a few minutes and to visualize the water distribution three-dimensionally [44] [45] [46] , see Fig. 3c . This allows water on the anode side, cathode side, or in the membrane to be distinguished. Fig. 3c shows the water distribution in slices at different distances. Surprisingly, most water was found in the anode, although it is produced at the cathode. The results provide hints for future materials design, e.g., an adjustment of the balance between water back-diffusion from the cathode to the anode and the osmotic drag in the opposite direction.
A further area for application for neutron tomography is linked to the study of processes in batteries during charge or discharge. Lithium is another element that strongly attenuates neutrons, which is why it can be visualized inside the steel case of the battery body [47] [48] [49] [50] [51] . As an example, Fig. 4 shows gas evolution during charging of a lithium ion cell assembled with a lithium-containing propylene-carbonate (PC) based electrolyte. This electrolyte is known to cause pronounced exfoliation of the graphite electrodes accompanied by the production of propylene gas. During charging, neutron radiographic images were taken. They show that gas production increases and various channels are formed in the 1 mm thick electrolyte layer. The extremely high amount of gas channels formed ( 
Visualization of strains, crystalline phases, and structure variations
The attenuation contrast imaging methods introduced above can be easily understood by describing neutrons as particles flying on a straight trajectory and interacting with the atoms they hit in the sample. The neutron as an atomic particle obeys the particlewave dualism and can also be regarded as a propagating wave with a corresponding wavelength. Neutron beams impinging on a crystalline sample are therefore diffracted by well-defined angles according to Bragg's law, which also governs x-ray diffraction. Such diffraction also has an impact on imaging 52 . By using a tunable and is detected by a high-speed detector that takes images with exposure times short enough to select just the neutrons with a given velocity 64 . By varying the instant at which the image is taken, the sample. We find more austenite at the bottom of the sample due to differences of the quenching rate. Other than the experiment on EN24 steel, this experiment was performed at the continuously operating Hahn-Meitner reactor by using a crystal monochromator for selecting two individual wavelengths from the polychromatic beam 65 .
The transmission curves can be fitted by analytical functions, which helps to determine the positions of the Bragg edges accurately 53, 66 .
In this way, quantitative information about strains in the crystal lattice caused by residual stresses can be provided, especially for flat samples and simple strain fields. For example, the strain around a coldexpanded hole in a 12 mm thick ferritic steel plate was imaged and analyzed 54 as shown in Fig. 6 .
Probing microstructural properties in 2D and 3D
The wave nature of neutrons can also be exploited to map the refractive index of a material and to visualize microstructural heterogeneities [67] [68] [69] [70] [71] [72] [73] [74] . A technique based on the angular sensitivity of detection of a beam deflected by refraction has been proposed by Pfeiffer et al. 75 . It is based on a phase grating interferometer [76] [77] [78] [79] , which provides quantitative results and decouples angular and spatial resolution. The incoming neutron beam passes a first grating (G0, see In particular, the dark-field contrast measured by grating interferometry can be used for investigations of the heterogeneity of micro-and nanostructures ranging from 0.1 μm to 10 μm in size 82 . Such features are much smaller than the spatial resolution in normal radiography. A corresponding example is given in Fig. 7 : five 2024-T3 aluminum alloy test samples 19 that had been cyclically loaded were investigated by dark-field imaging. This alloy is largely used in various structural parts of commercial aircrafts. A significant feature distinguishing one of the samples from the remaining ones was found. This specific sample (No. 2) was found to have a markedly different microstructure than the other four specimens although they had the same composition and are indistinguishable in the attenuation contrast image (Fig. 7b ).
Due to a more homogeneous microstructure displaying less porosity and a lower density of precipitates (Fig. 7e ) compared to the other samples ( Fig. 7d) , a finding that can be confirmed by scanning electron microscopy ( Fig. 7d,e) , the dark-field contrast was much lower 82 , see A SEM image of the crack surface is shown in Fig. 7g . 
spin precession angle is proportional to the product Ht where H is the magnetic flux strength and t is the time spent by the neutron in the field. By using a combination of a spin polarizer and a spin analyzer and placing the object to be studied between the two, see Fig. 9a , the change in the spin orientation can be measured and converted to a grey scale value, thus giving rise to image contrast between different regions of the sample 83, 84, 90 . In the right of Fig. 9a , the total precession angle of the neutron spin passing through a magnetic field created by a permanent dipole magnet is displayed in grey scales. The intensity measured behind the analyzer is the initial beam intensity reduced by conventional attenuation (the magnitude of which can be found from a standard radiograph) and modulated by a sinusoidal function of the precession angle 84, 91 . Maximum or minimum intensity will be measured whenever the beam polarization direction and the analyzer are aligned perfectly in parallel or anti-parallel, respectively.
Whenever the magnetic field a neutron traverses is strong enough to cause spin rotation by more than ± π , image degeneracy will occur, i.e., a given grey value cannot only correspond to a single rotation angle -π ≤ α ≤ π, but also to other angles, namely α ± 2nπ, where n is an integer. Deviation from monochomaticity and incomplete polarization, however, will tend to spread out the influence of multiply rotated spins into a wider range of angles. For simple and weak magnetic fields where the spin precession angle is smaller than ± π, quantitative 2D and even 3D imaging is possible 83, 91, 92 . The technique was applied to the study of flux trapping in the type-I superconductor lead, as shown in Fig. 9b ,c.
Another application of imaging with polarized neutrons is the investigation of inhomogeneous ferromagnets 93 . A polarized neutron beam is depolarized by randomly orientated domains in a ferromagnetic material. When such a sample is heated above its Curie temperature, it is eventually taken into a paramagnetic state via a second order phase transformation. In this paramagnetic state the domain structure disappears and the beam can be transmitted through the sample without any depolarization, as an externally applied magnetic field preserves the spin orientation in the sample. Using a spin analyzer, as shown in 
Further developments
Neutron imaging has developed into a useful and practical method for different areas of materials research. New contrast mechanisms beyond traditional attenuation contrast allow various mechanical, micro-structural, and magnetic properties of materials to be revealed.
Future development of these methods depends strongly on progress at existing imaging facilities.
A major step forward in neutron imaging could be associated with the development of time-of-flight methods that exploit the time structure of neutron pulses generated at spallation neutron sources, such as the future European Spallation Source (ESS) 95 in Lund, Sweden. Such novel sources combined with a successful detector development that overcomes the current limits of spatial and temporal resolution could revolutionize neutron imaging since the entire energy spectrum of a neutron beam could be measured very fast, and novel techniques such as Bragg edge or polarized neutron imaging could become routine methods 96, 97 . 
